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Abstract 
We investigated the spin lifetime in gate-fitted InGaAs narrow wires by magnetotransport measurement. By applying positive 
gate bias voltage, the spin lifetime in narrow wires became more than one order longer than those obtained from a Hall bar 
sample with two-dimensional electron gas. By comparison with a theoretical model of the quasi one-dimensional transport, it is 
found that this enhancement of spin lifetime in gated wires is due to dimensional confinement and resonant spin-orbit interaction 
effect by gate bias modulation of the Rashba spin-orbit interaction. Spin relaxation due to the cubic Dresselhaus term is 
negligible in the present InGaAs wires. 
PACS: 72.25.Rb; 73.20.Fz; 73.21.Hb; 73.61.Ey 
Keywords: Quantum wire; Spin-orbit interaction; weak antilocalization 
1. Introduction 
The system with strong spin-orbit interaction (SOI) is a promising candidate for realization of novel spintronic 
devices [1-3], the reason being that the spontaneous spin splitting due to SOI leads to an effective magnetic field 
which allows manipulation of electron spin without an external magnetic field. Especially, Rashba SOI [4], caused 
by an internal electric field inside a quantum well, is a critical parameter since the strength of the Rashba SOI, which 
is indicated as Rashba parameter D, is modulated as a function of the gate bias voltage [5]. However, momentum 
dependence of the effective magnetic field randomizes spin orientation due to the D’yakonov-Perel’ (DP) spin 
relaxation mechanism [6]. Suppression of spin relaxation, even in a system with strong SOI, is significantly 
important for simultaneous realization of both long spin lifetime and electrical manipulation of spin. 
One possible way to achieve this aim is utilization of a uniaxially-oriented effective magnetic field resulting from 
the interplay between Rashba SOI and Dresselhaus SOI [7].  Under the resonant SOI condition in which D is equal 
to linear Dresselhaus parameter E, an effective magnetic field is aligned in the [110] direction when cubic 
Dresselhaus parameter J is negligibly small [8-10]. This momentum-independent effective magnetic field creates a 
persistent spin helix (PSH) state in which the DP mechanism is completely suppressed, leading to an infinite spin 
lifetime. Subsequent to this theoretical prediction, PSH has recently been observed in optical spin lifetime 
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measurement by using the transient spin-grating technique [11]. Since realization of the resonant SOI condition by 
gate modulation of D has great potential for spintronic devices such as spin lifetime transistor [2] and non-ballistic 
spin field effect transistor [3], spin lifetime with gate modulation of resonant SOI condition should be investigated. 
We have previously shown the enhancement of spin lifetime due to the dimensional confinement and resonant SOI 
effect [12]. 
In the present paper, more details of data analysis and the enhancement of spin relaxation lengths as a function of 
carrier density are presented. Gate voltage dependence of magneto-conductance (MC) in an InGaAs-based narrow 
wire structure was investigated, which allows us to extract the resonant SOI effect by fitting the experimental data 
with the theoretical model. By comparing experimental data with theories of one-dimensional quantum correction, 
we found that the spin lifetime in narrow wires becomes more than one order longer than that in two-dimensional 
electron gas (2DEG) in a higher carrier density region. This remarkable increase of spin lifetime can be attributed to 
both dimensional confinement and the effect of uniaxial effective magnetic field due to Dψ E near the resonant 
SOI condition. Finally, it is concluded that this enhancement of spin lifetime corresponds to resonant SOI effect due 
to gate modulation of Rashba SOI. 
2. Experimental 
The InP / In0.53Ga0.47As / In0.7Ga0.3As / In0.53Ga0.47As heterostructure was epitaxially grown on (001) InP substrate 
by metal organic chemical vapor deposition. The layer sequence and energy band diagram are shown in Figs. 1(a) 
and (b), respectively. The epitaxial wafer was processed into sets of wires which were aligned in the [1-10] direction 
using electron beam lithography and reactive ion etching as shown in the inset of Fig. 1(c). Each sample consisted of 
95 identical 650-Pm-long wires with different wire widths. Geometrical width WSEM of the wire defined by scanning 
electron microscopy were 477, 566, 766, 861, 1026, and 1263 nm. Width dependence of MC with no gate bias and 
external magnetic field is shown in Fig. 1(c) and linear width dependence was found. From the x-intercept of the 
linear regression formula derived by the least-square method, depletion width Wdep = 309 nm due to surface energy 
pinning is deduced. It turns out that electron motion in wire structures is limited by effective width Weff = WSEM – 
Wdep rather than by WSEM. Processed samples were covered with 150 nm of AuGeNi as a gate electrode isolated by 
150 nm of SiO2 as a gate insulator layer. MC measurement was performed on all sets of wires as well as on Hall 
bars with a magnetic field from 0 to 8 T at 0.3 K. Carrier density Ns and mobility P were deduced from sheet 
resistance and the fast Fourier transformation (FFT) of Shubnikov-de Haas (SdH) oscillation. To evaluate Rashba 
SOI parameter D, we also measured weak antilocalization (WAL) in ± 30 mT with varying gate bias voltages.  
3. Results and discussion 
To extract the carrier density dependence of D, the observed WAL in the Hall bar was fitted by the theoretical 
model which describes quantum correction of the conductance due to SOI in 2DEG developed by Iordanskii, 
Fig. 1. (a) Layer structure of the InAlAs / InGaAs / InP 2DEG. (b) Energy band diagram and wave function calculated from self-consistent 
Poisson-Schrödinger equations. (c) Width dependence of conductance of the wire structures. Solid line indicates the regression line derived 
by the least square method. Inset is a scanning electron microscopy image of the wire structure.  
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Lyanda-Geller and Pikus (ILP) [13], as shown in Fig. 2(a). Extracted carrier density dependence of D is shown in 
Fig. 2(b) and it is consistent with D calculated by the kxp formalism [14], indicating that the asymmetric property of 
the heterostructure is enhanced by applying  negative gate voltage. In order to estimate carrier density dependence of 
spin relaxation length in the wire structure, gate voltage dependences of MC for all wire structures were measured as 
well as Hall bar structure and the results are shown in Fig. 3. Narrower wires of the width WSEM = 477 and 566 nm 
showed only WL throughout the entire gate region (MC observed for 477 nm wire is shown in Fig. 3(a)). This 
implies that spin relaxation length DSOl
1  in such narrow wires is always longer than the inelastic scattering length lIҏ
which increases with carrier density. In contrast, in the cases of the wire structures whose widths are longer than 766 
nm, WAL was observed, which indicates that spin relaxation length DSOl
1  is shorter than inelastic scattering length lI.
In particular, for wires of WSEM = 766 and 861 nm, twofold crossover of WL - WAL - WL was observed when the 
carrier densities were increased (MC observed for 861 nm wire is shown in Fig. 3(b)). Since WAL regions (as 
shown by arrows in Fig. 3) near zero magnetic fields developed with decreasing gate bias voltage, it was confirmed 
that the Rashba SOI is effectively controlled by external gate bias even in wire structures.  
In the case of a narrow wire structure in which inelastic scattering length lI exceeds effective width Weff, the ILP 
model is no longer applicable. Recently, Kettemann has developed a model describing quantum correction to 
conductivity with lateral confinement and the effect of SOIs [15]. First, we deduced carrier density dependence of 
Wdep from the fitting of the Kettemann model to the MC observed for 477 nm wire with fitting parameter lI  and Weff
following a previous study [16], and we confirmed that Wdep = 313 ± 15 nm is almost constant with carrier density. 
Wdep deduced from this analysis is qualitatively consistent with the result estimated from Fig. 1(c) as mentioned 
before. We then fitted the Kettemann model to the experimental results with the fitting parameters of DSOl
1  and lI,
Wdep being fixed at 313 nm. Indeed, not all of our experimental data in wires wider than 766 nm are included in the 
applicable region of the Kettemann theory, i.e. Weff < LSO, where LSO is bulk precession length eSO mL D2
2! .
Nevertheless, even in the case of the 1263-nm wide narrow wire, we confirmed that magnetic field at the 
conductance minima which correspond to the spin relaxation magnetic field HSO = 1.3 mT is much smaller than HSO
= 3.2 mT of the Hall bar structure. This decrease of HSO strongly indicates that the dimensional confinement effect 
already appears in the wire of WSEM = 1263 nm, although Weff = 950 nm is three times longer than LSO = 314 nm at 
Ns = 1.0 × 1012 cm-2. Thus, we applied the Kettemann theory to the MC data over the range of Weff < LSO, whereas 
quantitative discussion of DSOl
1  is of limited theoretical accuracy.
Extracted DSOl
1  and lI are plotted in Fig. 4 with lel, elastic scattering length, for the wire of WSEM = 477, 861 and 
1263 nm. It should be noted that the fitting of the Kettemann theory to the WL data observed for WSEM = 477 and 
566 nm was performed with the condition of Ill
D
SO  
1 , the obtained lI indicating the minimum value of DSOl
1 . For all 
wires, lel monotonously increases with increasing Ns. The decrease of lI  observed for 1263 nm wire may be affected 
by inter-subband scattering between first and second subbands, although we confirmed that the second subband is  
almost empty from FFT of SdH oscillation. In the cases  of WSEM = 766 and 861 nm, DSOl
1  shows rapid increase in the 
higher carrier density region above 1.4 × 1012 cm-2. From Figs. 4 (b), suppression of WAL in the low carrier density 
region is seen to be caused by the decrease of lI. It should be noted that the amplitude of quantum interference in 
WL and WAL becomes smaller with decreasing carrier density as shown in Fig. 3, indicating the reduction of the 
inelastic scattering length lI. The reduction of lI with negative gate voltages can be explained in terms of the 
increase of electron-electron scattering rate due to decreasing carrier density and mobility [17]. On the other hand, 
suppression of WAL in the high carrier density region is caused by the rapid enhancement of DSOl
1 , which exceeds lI.
Fig. 2. (a) Gate voltage dependence 
of MC observed in Hall bar 
structure at T = 0.3 K. Arrows 
indicate conductance minima. 
Solid lines are the fitting results of 
the ILP model. (b) Carrier density 
dependence of Rashba parameter D
by fitting ILP model to MC of Hall 
bar structure. A blue solid line is 
derived by the least-square method.
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Enhancements of DSOl
1  in the high carrier density region were observed for all wires wider than 766 nm, as shown in 
Fig. 5. Furthermore, DSOl
1  seems to rapidly increase near the specified carrier density Ns = 1.54 × 1012 cm-2, where D
is equal to E. It should be noted that the specific carrier density was calculated as shown in Fig. 2(b) with E = 1.20 × 
10-12 eVm estimated from 2zkJE  .  Here, J = 2.73 × 10
-29 eVm3 [18] and the wave number in the quantized 
direction kz = 2S/O O is the electron wave length inside the quantum well as shown in Fig. 1(b).  To understand this 
remarkable enhancement of DSOl
1  in the high carrier density region, we considered the spin relaxation rate in the quasi 
one-dimensional structure derived by Kettemann [15]: 
 (1) 
where D , em  and FE  are diffusion constant, effective mass of an electron, and Fermi energy, respectively. Note 
that we used Ns dependence of D in 2DEG to deduce LSO on the assumption that D is not influenced by dimensional 
control [19]. The first term in Eq. (1) is the modified spin relaxation rate from 2DEG DSO
2W due to the dimensional 
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Fig. 3. Gate voltage dependence of magneto-conductance in unit of e2/h for the wire of WSEM = 
477, 861 and 1263 nm, respectively. Solid lines indicate the fitting results of the Kettemann model. 
Fig. 4. Carrier density dependence of the characteristic lengths. lI, DSOl
1
and lel correspond to inelastic scattering length, spin relaxation length, and 
elastic scattering length, respectively. Open squares indicate the DSOl
1
obtained outside of the applicable region of the Kettemann model. Closed 
and open circles indicate lI obtained by fitting of the Kettemann model 
and the BvH model, respectively.  
Fig. 5. Carrier density dependence of DSOl
1  for the wire 
structures (open symbols) and two-dimensional electron 
gas (closed symbols). Dashed line indicates specified 
carrier density Ns = 1.54 × 1012 cm-2, where D = E is 
expected.
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confinement, 2)( SOeff LW , and the resonant SOI effect, SOG . The second term in Eq. (1) shows the spin relaxation 
rate induced by the cubic Dresselhaus term which is thought to be unaffected by the dimensional confinement. As 
shown in Fig. 6, enhancement of DSO
D
SO Dl
11 W  due to dimensional confinement is confirmed at various carrier 
densities as reported by Schäpers et al. [20]. However, DSOl
1  calculated from Eq. (1) are much smaller than the 
experimental results as shown by dotted lines, especially in the high carrier density and the small width region. This 
disagreement is due to the spin relaxation rate based on the second term of Eq. (1), which is enhanced by an increase 
of Ns and remains unchanged by dimensional confinement. Thus, we calculated DSOl
1 neglecting the second term in Eq. 
(1). The recalculated DSOl
1 , shown as solid lines in Fig. 6, show good agreement with the experimental data. From this 
analysis, it is found that spin relaxation due to the cubic Dresselhaus term may be suppressed by dimensional 
confinement in the present sample. We compared the spin lifetimes DSO
1W  obtained by experiments with those of Eq. 
(1), the experimental results being plotted as a function of the dimensional confinement parameter 2)( SOeff LW  in 
Fig. 7. In 1)( 2 effSO WL , spin lifetime slightly increased. This is probably because elastic scattering length lel
became shorter than the effective width Weff of the wire, leading to motion narrowing. On the other hand, spin 
lifetime rapidly increases when dimensional confinement becomes much stronger, i.e., 1)( 2 !effSO WL . Finally, 
D
SO
1W
in wire width of WSEM = 861 nm is enhanced and becomes 65 times longer than that in Hall bar structures at highest 
carrier density. To understand the enhancement of spin lifetime, DSO
1W  in Eq. (1), where all SOI contributions are 
taken into account, was calculated as shown by the red dashed-dotted line in Fig. 7. The calculated spin lifetime 
does not increase and, even worse, approaches asymptotically to zero with increasing 2)( SOeff LW . As a result, we 
cannot explain the rapid increase of spin lifetime if all SOI contributions are taken into account. In contrast, 
neglecting the second term in Eq. (1) based on the cubic Dresselhaus SOI, DSO
1W  is shown by solid lines in Fig. 7 with 
parameters identical to the case of the red dashed-dotted line. Calculated spin lifetime rapidly increases with the 
increase of 2)( SOeff LW  and shows good agreement with the experimental results for wires of both WSEM = 766 and 
861 nm. The above data analysis suggests that the spin relaxation due to the cubic Dresselhaus term is also 
suppressed by the geometrical confinement effect. In the present samples, elastic scattering lengths were longer than 
the widths of the wires, especially in the high carrier density region. It is not clear whether the diffusive transport 
approximation was still valid or why the cubic Dresselhaus term was negligible. Further theoretical studies are 
required. In addition, as shown by the dashed lines in Fig. 7, assuming no resonant SOI effect, where GSO = 1, 
enhancement of spin lifetime is limited by increasing 2)( SOeff LW  in contrast to the solid lines. It should be noted 
that assumption of GSO = 1 means that only interplay between Rashba and linear Dresselhaus SOIs is neglected. This 
result indicates that both the resonant condition of SOI and the dimensional confinement should be taken into 
account to explain experimentally observed behavior of spin lifetime.  
Fig. 6. Width dependence of DSOl
1 of different carrier density. 
Solid lines and dotted lines show the DSOl
1  calculated from Eq. (1) 
with neglect of the second terms and taking into account all 
SOIs, respectively. Opens symbols show the lIobtained by 
fitting of the Kettemann model to the WL data which correspond 
to minimum values of IW .
Fig. 7. Spin lifetime obtained by fitting of Kettemann model as a 
function of dimensional confinement 2)( effSO WL  in wire width 
of WSEM = 766 nm (closed triangles) and 861 nm (closed circles). 
Dashed and dashed-dotted lines show spin lifetime calculated by 
Eq. (1) by neglecting the resonant SOI effect where 1 SOG and
by taking the contribution of all SOIs into account, respectively. 
Solid lines are calculated with the second term of Eq. (1) being 
neglected. Open symbols show inelastic scattering time IW
extracted from the fitting of the BvH model. 
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Furthermore, to confirm the enhanced spin lifetime, we also fitted WL data observed at maximum 2)( SOeff LW  by 
quantum correction of MC with a one-dimensional limit without SOI, as developed by Beenakker and van Houten 
(BvH) [21]. Since the WI derived by BvH corresponds to the lower limit of spin lifetime, we can estimate the 
minimum value of DSO
1W . Inelastic scattering times WI = 17.6 and 36.6 psec were extracted by fitting of the BvH theory 
for wires of WSEM = 766 and 861 nm, respectively. Extracted WI are shown as open symbols in Fig. 7, which shows 
similar values of the spin lifetime derived from the Kettemann model. Consequently, enhanced spin lifetime was 
again confirmed by a different theoretical approach.  
4. Conclusion 
In conclusion, gate voltage dependence of MC in InP / In0.53Ga0.47As / In0.7Ga0.3As / In0.53Ga0.47As narrow wire 
structures was investigated. In wire widths of WSEM = 766 and 861 nm, clear twofold crossover of WL - WAL - WL 
was observed by changing gate bias voltage. From the comparison between experimental data and theoretical 
models considering the lateral confinement effect, it was found that spin lifetime is enhanced up to 32 psec in the 
high carrier density region, which is 65 times longer than in the case of the Hall bar structure. This remarkable 
enhancement of spin lifetime was explained by considering both dimensional confinement and resonant spin-orbit 
interaction. Surprisingly, our experimental results suggest that the spin relaxation due to the cubic Dresselhaus term 
is also suppressed in the present InGaAs wire structures. A gate-fitted InGaAs wire structure enables electrical 
manipulation together with long spin lifetime. 
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